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In the present work, an Al–0.66Mg–0.85Si–0.2Cu alloy with Zn addition was investigated by electron back scattering diffraction (EBSD), high
resolution electron microscopy (HREM), tensile and Erichsen tests. The mechanical properties of the alloy after pre-aging met the standards of sheet
forming. After paint baking, the yield strength of the alloy was improved apparently. GP(II) zones and ηʹ phases were formed during aging process due to
Zn addition. With the precipitation of GP zones, β″ phases, GP(II) zones and ηʹ phases, the alloys displayed excellent mechanical properties.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Due to increasingly strict standards with respect to fuel
efﬁciency, air pollution, recycling and safety, Al alloys are widely
used in automotive industry as an alternative material to steel. The
attraction of Al alloys is low density (1/3 of steel), good corrosion
resistance due to the stability of the aluminum oxide layer, strong
supply base and the recyclability [1–4]. Al–Mg–Si alloys are
age-hardening alloys used as automotive skin panels. The basic
alloying elements of the alloy are Mg and Si, other elements, such
as Cu, Zr and Mn are also added. Currently, the widely used 6000
series aluminum alloys are AA6016, AA6111 and AA6022. These
alloys go through a bake hardening process, the 6111 has the
highest strength, the 6016 has excellent formability during sheet
forming, and the 6022 shows good overall performances than other
alloys.10.1016/j.pnsc.2014.03.003
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problems that restrict its applications. Compared with steel the
formability of Al alloys is poor. The dent resistance of Al alloys is
inadequate after paint baking. AA6016 alloy is widely used in
Europe, but dent resistance is low after paint baking. AA6111 and
AA6022 alloys are preferably used in Northern America. The
formability of AA6111 alloy is poor due to the high Cu content.
Compared with AA6016 and AA6111 alloys the overall properties
of AA6022 alloy is better. However, the dent resistance is still
insufﬁcient. At the moment, one of the main challenges facing Al
alloys used in automotive industry is to lead times of the develop-
ment of new and improved alloys, in order to meet the needs of
automotive industry. As usual, the high degree of supersaturation
will lead to the more phases precipitated from matrix during
artiﬁcial aging, and the strength of the alloy is also increased.
However, if supersaturation is too high after solution treated, the
lattice distortion is too large, which is difﬁcult for sheet to stam-
ping, namely the formability of the alloy is decreased. Therefore,
an Al–Mg–Si alloy used as automotive panels was developed in
the present investigation. Since the radius of Zn is roughly equal to
that of Al, Zn has high solubility in Al matrix. The lattice distortion
is low by adding Zn, which almost has no effect on formability of
the alloy. Meanwhile the bake hardening response of the alloy was
improved apparently after paint baking.Elsevier B.V. All rights reserved.
Table 2
Mechanical properties of the alloy after aging.
Temper Rm (Mpa) Rp0.2 (Mpa) A (%) IE (mm)
T4P 256 135 30.7 8.6
PB 323 240 26.2 –
2% prestretchþ PB 335 270 26.5 –
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The alloy was prepared from high-purity aluminum, magne-
sium, copper, Al–10Mn, Mg–30Zr and Al–14Si master alloys. The
raw materials were melted in a graphite crucible in an electrical
resistance furnace and then cast in a cast iron mould at 710 1C. The
chemical composition of the ingots is listed in Table 1. The ingot
was homogenized at 430 1C for 10 h plus 545 1C for 16 h, and
hot-rolled and cold-rolled to 1 mm thick sheet, solution treated at
540 1C for 30 min, and immediately water quenched, then preaged
at 130 1C for 10 min. In order to simulate the stamping of the
sheet, the alloy was pre-stretched 2% after pre-aging. The pre-
stretched and without pre-stretched sheets were aged at 170 1C for
30 min, corresponding to paint baking process of automotive skin
panels.
The microstructure of the alloy was investigated by electron
back scattering diffraction (EBSD) and high resolution electron
microscopy (HREM). The electron backscatter diffraction (EBSD)
technique was used to evaluate the size of grains, grain orientation
and grain boundary. EBSD measurement was performed on a ﬁeld
emission gun (FEG) scanning electron microscopy (SEM) JEOL
JSM 7001 using a tilt of 701, an accelerating voltage of 20 kV and
a step size of 1.5 μm. Samples for EBSD were electropolished in a
10% perchloric acid solution, at a voltage of 30 V for 15 s at room
temperature. The precipitates were investigated by JEOL JEM-
2010 high resolution electron microscope operated at 200 kV.
Specimens for HREM investigations were Φ3 μm, and ﬁnally
twin-jet electro-polished in a solution of 25% nitric acid–methanol
at 25 1C. The tensile test of the alloy used the WD 3100 testing
machine at room temperature. The IE value of the alloy was
measured by the Zwick/Roell Bup600 machine, and the size of
samples was 90 90 mm. The diameter of punching ball was
20 mm, and it was lubricated with engine oil.3. Results and discussions
3.1. Bake hardening response of the alloy
The alloy was stamped for speciﬁc complex shapes after pre-
aging. Therefore, low yield strength is required, preferably less
than 140 MPa, and high formability (δ425%) [5]. After paint
baking, a high yield strength is required for in-service dent
resistance. The mechanical properties of the alloy are shown in
Table 2. The increase of yield strength without pre-stretching is
about 105 MPa, while the increase of yield strength with 2%þpre-
stretching is about 135 MPa. Before stamping, elongation of the
sheet is more than 25%, and the yield strength is less than
140 MPa, which meet the standards of sheet metal forming. The IE
is 8.6 mm. The sheet is pre-stretched 2%, in order to simulate theTable 1
Chemical composition of the alloy (mass fraction, %).
Alloy Mg Si Cu Fe Zn Mn Zr Al
Al–Mg–Si 0.66 0.85 0.20 o0.01 0.60 0.1 0.12 Bal.stamping of the skin panels, the yield strength of alloy after paint
baking is 270 MPa, which achieves the yield strength of the ﬁrst
generation automobile steel panels.
3.2. EBSD analysis of the alloy after pre-aging
The microstructure of the alloy after pre-aging was investigated
by electron backscatter diffraction (EBSD). The measurement is on
the TS plane of the alloy, the results are shown in Fig. 1. The grain
size is very small, and the average grain size is 21 μm. Most of the
grains are equiaxed, and the microstructure is uniform, as shown in
Fig. 1(a) and (c). The main grain orientation is cubic, the fraction is
10%. This orientation is useful for the alloy to stamping [6]. After
pre-aging, most of the grain boundaries are of high-angle, and the
fraction is 92.6%, as shown in Fig. 1(c). The results indicate that
perfect recrystallization is occurred after solution treated.
3.3. Microstructure of the alloy after pre-aging
Fig. 2a shows HREM image and SAED (selected area electron
diffraction) pattern in [001]Al projection of the alloy. HREM image
indicates the precipitates are approximately 2–4 nm and coherent
with Al matrix, justifying that the phase is GP zones. SAED
pattern shows neither extra reﬂection nor diffuse scattering, which
suggests that the precipitates are fully coherent with matrix and do
not have any distinct structure, the results obtain from SAED
pattern are the same as the HREM image shows. GP zones make
contributions to the strength of the alloy [7]. HREM image and
FFT (Fast Fourier Transform) in [011]Al projection of the alloy
after pre-aging are shown in Fig. 2b. The phase is GP(II) zones,
formed by Zn addition. GP(II) zones are zinc-rich layers on
{111}Al planes [8]. GP(II) zones is 1–2 atom thick, about 4–6 nm
wide. In Al–Mg–Si–Zn alloys, Si postpones the formation of
Mg/Zn clusters or GP zones at the early stage of artiﬁcial aging,
but the interactions between Mg, Si and Zn atoms are so weak, that
the Si atom unchanges the evolution of Mg/Zn clusters or
GP zones.
3.4. Microstructure in a sample aged for 30 min at 170 1C
Fig. 3 shows the microstructure of the alloy after paint baking.
Compared with the precipitates after pre-aging, the density of the
phases apparently increased. In addition to GP zones, other phase
is precipitated, as shown in Fig. 3(a). The selected area electron
diffraction pattern shows faint streaks along [010]Al and [100]Al
due to the precipitates, called β″ phases. The habit plane of β″ is
{100}Al. β″ phase is fully coherent with Al matrix along the b-axis
Fig. 1. EBSD maps showing grains orientation (a) and (b) and image quality (c) of the alloy after pre-aging.
Fig. 2. HREM images in [001]Al (a) and [011]Al (b) projection of the alloy after pre-aging.
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properties of Al–Mg–Si alloys originate mainly from the GP zones
and β″ phases; more volume fraction of GP zones and β″ phases
are needed, in order to improve bake hardening response of the
alloy [10,11]. The results indicate that the yield strength of the
alloy improved signiﬁcantly after paint baking, due to GP zones
and β″ phases, as seen in Table 2.
IFFT (Inverse Fast Fourier Transform) image and FFT in
[011]Al projection are shown in Fig. 3(b). The phase is ηʹ, 4–6
atoms thick, 10 nm wide, and semi-coherent with matrix. The size
of ηʹ phase is larger, which corresponds to the literature reported
[12]. In Al–Mg–Si–Zn alloy, the density of GP(II) zones and ηʹ
phases is low. With the increase of artiﬁcial aging, more GP(II)
zones are precipitated from matrix, and transform into ηʹ phases.
As the interactions between Si, Mg and Zn atoms become weak,
the Si atom has little inﬂuence on the combination of Mg and Zn.
As a result, ηʹ phases are formed after paint baking.3.5. Analysis and discussions
The Al–Mg–Si alloy is age-hardening, and the properties of
the alloy are relied on types, morphology, orientation, size and
density of precipitates. The precipitation sequence in balanced
Al–Mg–Si alloys is accepted to be [13,14]
αðsssÞ-GP zones-β″-β0-β
where α(sss) is the supersaturated solid solution. As auto-
motive body panels, the main strengthening phase is GP zones
and β″ phases. For improving supersaturation of the matrix, the
high volume fraction of strengthening phases is precipitated
during artiﬁcial aging. However, the higher the degree of
supersaturation, the more the lattice distortion of matrix can be
obtained, the strength of the alloy after water quenched is high,
which is harmful for the sheet to stamping.
Fig. 3. HREM image (a) in [001]Al and IFFT image in [011]Al (b) projection of the alloy after paint baking.
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αðsssÞ-GP zones-η0-η
The mechanical properties of the alloy are mainly depended on
the GP zones and ηʹ phases. GP zones included GP(I) zones and
GP(II) zones. The strengthening effect of ηʹ phase is the best.
Since rAl/rZn is 1.07, the lattice distortion of the alloy is small
by adding Zn. Zn has little inﬂuence on the formability of the
alloy, the IE of the alloy after pre-aging was 8.6 mm (Table 2).
Meanwhile Zn and Mg can form strengthening phases during
artiﬁcial aging. At the early stage of artiﬁcial aging, the diffusion
rate of Si atom is high and the solubility of Si atom in Al matrix
is low [15,16]. The combination of Si and vacancy is easy, which
consumes large numbers of vacancies in matrix. Therefore the
number of vacancies that can move is reduced, leading to the
combination of Zn and Mg becoming difﬁcult. The density of Zn/
Mg or GP zones is low after pre-aging, and the ηʹ phase is also
not found (Fig. 2). The interaction between Si, Mg and Zn atom
is so weak that Si unchanges the formation of Mg/Zn clusters or
GP zones. The concentration of Si atom is reduced with artiﬁcial
aging, and the number of vacancy that can move is increased.
The combination between Mg and Zn atom becomes easy. GP(II)
zones and ηʹ phases are formed after paint baking. With the
precipitation of GP zones and β″ phases which included Mg and
Si atoms, GP(II) zones and ηʹ phases which contained Mg and Zn
atoms, the bake hardening response of the alloy was improved
after paint baking, as shown in Table 2.
4. Summary
An Al–0.66Mg–0.85Si–0.2Cu–0.6Zn alloy has been devel-
oped in the present investigation.1. The average grain size of the alloy was about 21 μm after pre-
aging. The yield strength and elongation were 135 MPa and
30%, respectively, which met the standards of sheet metal
forming of aluminum alloy as skin panels. The IE value of the
alloy was 8.6 mm.2. After paint baking, the increment of yield strength was about
105 MPa. GP(II) zones and ηʹ phases were formed during
paint baking process through Zn addition. Paint baking res-
ponse of the alloy was improved by the precipitation of GP
zones, β″ phases, GP(II) zones and ηʹ phases.Acknowledgments
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